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Objective: Left ventricular torsion reduces transmural systolic gradients of fiber
strain, and torsional recoil in early diastole is thought to enhance left ventricular
filling. Left ventricular remodeling in dilated cardiomyopathy may result in changes
in torsion dynamics, but these effects are not yet characterized. Tachycardia-induced
cardiomyopathy is accompanied by systolic and diastolic heart failure and left
ventricular remodeling. We hypothesized that cardiomyopathy would alter systolic and
diastolic left ventricular torsion mechanics, and this hypothesis was tested by studying
sheep before and after the development of tachycardia-induced cardiomyopathy.
Methods: Implanted miniature radiopaque markers were used in 8 sheep to measure
left ventricular geometry and function, maximal torsional deformation, and early
diastolic recoil before and after rapid ventricular pacing was used to create tachy-
cardia-induced cardiomyopathy.
Results: All animals had significant heart failure with ventricular dilatation and
remodeling. With tachycardia-induced cardiomyopathy, maximum torsion relative
to control conditions decreased (1.69° 0.61° vs 4.25° 2.33°), and early diastolic
recoil was completely abolished (0.53°  1.19° vs 1.17°  0.94°).
Conclusions: Cardiomyopathy is accompanied by decreased and delayed systolic
left ventricular torsional deformation and loss of early diastolic recoil, which may
contribute to left ventricular dysfunction by increasing systolic transmural strain
gradients and impairing diastolic filling. Analysis of left ventricular torsion with
radiofrequency-tagging magnetic resonance imaging should be explored to elucidate
the role of torsion in patients with cardiomyopathy.
Contraction of the helically oriented fibers in the left ventricle1,2results in torsion, a wringing motion as the apex rotates withrespect to the base about the left ventricular (LV) long axis.3,4Torsion is thought to play an important role in decreasing gradientsof LV transmural fiber strain and oxygen demand during systole,5,6and torsion recoil during diastole has been hypothesized to aid
ventricular filling.7 Dilated cardiomyopathy is associated with LV remodeling
(dilatation, wall thinning, and, possibly, reduction in fiber angles) that may alter
torsion and its beneficial effects. Surgical approaches for patients with dilated
cardiomyopathy, ischemic cardiomyopathy, or both, such as the surgical anterior
ventricular endocardial restoration procedure, may improve LV systolic function by
restoring normal ventricular shape, fiber angle, and torsional mechanics8,9; however,
the effects of cardiomyopathy on LV torsion dynamics have not been characterized.
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Tachycardia-induced cardiomyopathy (TIC), a model of
dilated cardiomyopathy, is accompanied by ventricular re-
modeling, systolic and diastolic dysfunction,10 and neuro-
humoral changes11 similar to the clinical entity. We hypoth-
esized that such changes would result in alterations of
systolic and diastolic LV torsion dynamics and tested this
hypothesis by measuring the 3-dimensional (3-D) dynamics
of implanted radiopaque LV markers in sheep before and
after the development of TIC.
Methods
Surgical Preparation
Radiopaque markers were implanted into the hearts of 8 adult
sheep. The technical details have been previously described12 and
will only be summarized briefly. Eight tantalum helices were
inserted in the LV epicardial layer at 2 LV levels along 4 equally
spaced longitudinal meridians (nos. 2, 3, 5, 6, 9, 10, 12, and 13;
Figure 1), with one marker placed at the LV apex (no. 1) and
subendocardial markers 26, 28, and 30 paired opposite subepicar-
dial markers 3, 10, and 13, respectively. On cardiopulmonary
bypass, 8 markers (nos. 15-22) were sutured around the circum-
ference of the mitral anulus. A micromanometer pressure trans-
ducer was placed in the LV chamber through the apex. A monopo-
lar pacing lead was sewn onto the anterior LV wall.
Data Acquisition
After 6  1 days, each animal was taken to the experimental
cardiac catheterization laboratory, sedated with ketamine (1-4
mg  kg1  h1 intravenous infusion) and diazepam (5 mg intra-
venous bolus as needed), intubated, and mechanically ventilated.
With the animal in the right lateral position, simultaneous biplane
videofluoroscopic images were acquired at 60 Hz. The images
were digitized and merged to yield the 3-D coordinates for each
marker every 16.7 ms with custom-designed software. Synchro-
nized ascending thoracic aortic pressure, LV pressure, and elec-
trocardiographic analog signals were digitized and recorded simul-
taneously during videographic data acquisition. An experienced
echocardiographer (D.L.) used transesophageal Doppler echocar-
diography to assess mitral regurgitation.
Rapid-pacing Protocol
After baseline data acquisition, a rapid-pacing pulse generator
(Prodigy S 8164; Medtronic Inc, Minneapolis, Minn) was inserted
subcutaneously and connected to the monopolar LV electrode.
Rapid pacing was initiated 24 hours later. During the pacing
period, transthoracic echocardiography was performed every 2 to
3 days to assess LV dimensions and systolic LV performance (with
the pacer temporarily off). Pacing was continued until develop-
ment of TIC, as evidenced by development of peripheral edema,
ascites, and/or increase in end-systolic LV dimension. The first 2
animals were paced at a rate of 180 min1, and subsequent animals
were paced at 230 min1, which resulted in faster development of
heart failure. The average pacing period was 15 6 days. Then the
animals were returned to the catheterization laboratory, with the
pacer turned off immediately before data acquisition. Hemody-
namic, marker, and echocardiographic data were again acquired, as
described above.
All animals received humane care in compliance with the
“Principles of Laboratory Animal Care” formulated by the Na-
tional Society for Medical Research and the “Guide for Care and
Use of Laboratory Animals” prepared by the National Academy of
Sciences and published by the National Institutes of Health
(DHEW NIHG publication no. 85-23, revised 1985). This study
was approved by the Stanford Medical Center Laboratory Re-
search Animal Review Committee and conducted according to
Stanford University policy.
Data Analysis and Computation of LV Torsion
Values computed from 3 consecutive steady-state beats during
normal sinus rhythm before and after TIC were averaged and
labeled as “control” and “TIC” data for each animal. Instantaneous
LV volume (LLV) was calculated from the epicardial LV markers
by using a space-filling multiple tetrahedral volume method every
16.7 ms.13 End-diastole (ED) was defined as the time of the peak
of the electrocardiographic R-wave, end-ejection as the time of
minimum LVV, and end-systole (ES) as the time of peak negative
rate of LV pressure decrease (dP/dt). Stroke volume (SV) was
calculated as the difference between end-diastolic volume (EDV)
and minimum LVV (LVVmin; SV  EDV  LVVmin).
At each sample time, all marker Cartesian 3-D coordinates (x,
y, and z) were transformed into a moving internal cylindrical
coordinate system (r, , and z) with the origin at the centroid of the
annular markers (markers 15-22, Figure 1), the z-axis passing
through the centroid of the markers defining the apical transverse
LV plane (markers 2, 5, 9, 12), the 0° reference passing through
the anterior commissure (marker 16), and positive angles defined
as counterclockwise when looking from apex to base.
For each apical-level epicardial marker (nos. 2, 5, 9, and 12;
Figure 1), the circumferential rotational angle () change relative
Figure 1. Schematic representation of myocardial marker array
used in this study.
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to ED was computed throughout the cardiac cycle. In each frame
torsion was defined as the average angular displacement of the
apical markers on the free walls of the ventricle, and data from 3
consecutive steady-state beats were averaged. As viewed from the
LV apex, with positive angles counterclockwise, during beat b
(from EDb to EDb1), the torsional deformation  at each sample
time t (0@EDb, 1, 2, . . ., t@EDb1) of marker m subtending
angle m(t) was computed as follows:
m(t)  m(t)  m(EDb) (1)
Mean free-wall LV torsional deformation (b[t]) for beat b was
then computed as follows:
b(t)  [2(t)  9(t)  12(t)]/3 (2)
and mean free-wall LV torsional deformation for the 3-beat se-
quences comprising each run in each heart as follows:
(t)  [1(t)  2(t)  3(t)]/3 (3)
Fractional ejection at each sample time (t) for each beat (b) was
defined as follows:
FRACb(t) [LVVEDVb LVVb(t)]/(LVVEDVb LVVEEb) (4)
where LVVb(t) is LVV at time t, LVVEDVb is LVV at EDV, and
LVVEEb is LVV at end-ejection for beat b. Mean fractional ejec-
tion at each sample time (t) for the 3-beat sequences comprising
each run in each heart was as follows:
FRAC(t)  [FRAC1(t)  FRAC2(t)  FRAC3(t)]/3 (5)
Figure 2 illustrates mean free-wall torsional deformation (t)
plotted against FRAC(t) for both control and TIC conditions in a
representative animal. (t) was characterized by minimum free-
wall LV torsional deformation during early systole (min), maxi-
mum free-wall LV torsional deformation, typically occurring near
ES (max), and absolute value of change in free-wall torsional
deformation from end ejection to the first 5% of LV filling (5%)
to assess early diastolic torsional recoil.7 Time of max relative to
end ejection (TmaxEE), was also calculated.
Statistical Analysis
All data are reported as means  1 SD. Data were compared with
the Student t test for paired observations.
Results
Hemodynamics
Table 1 summarizes the hemodynamic variables measured
before and after development of TIC. Cardiomyopathy was
associated with a significant increase in LV end-systolic
(30%, P  .0001) and end-diastolic (24%, P  .0004)
volume and a significant reduction (30%, P  .03) in
preload recruitable stroke work. Heart rate (17%, P .04)
and LV end-diastolic pressure (81%, P  .01) were also
significantly higher with cardiomyopathy. Before pacing,
the animals had zero to trace mitral regurgitation (aver-
age  0.2  0.3 on a scale from 0 to 4; 0  none, 1 
trace, 2  mild, 3  moderate, and 4  severe); after
development of TIC, the mitral regurgitation grade in-
creased significantly to 2.2  0.9 (P  .0001).
LV Torsion Mechanics
As shown in Figure 2, under control conditions, systole
began with a small negative (ie, clockwise, as viewed from
apex) torsional deformation. After this cocking twist, a
relatively linear direct relationship between torsion and
Figure 2. Torsion ([t]) versus fractional ejection (FRAC[t]) under
control (above) and TIC (below) conditions in a representative
animal. In control conditions systole (dashed line) is character-
ized by a slight clockwise rotation (negative deflection), followed
by counterclockwise torsion that peaks at end-ejection. Early
diastole (solid line) shows more rapid torsional recoil than mid-
to-late diastole (dotted line). After development of cardiomyopa-
thy, the clockwise deformation is larger, and the maximum pos-
itive torsion is decreased. Moreover, this peak is reached after
end-ejection. Accordingly, there is loss of torsional recoil in early
diastole.
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ejected volume was observed during the majority of systole
until  peaked just before end-ejection. Isovolumic relax-
ation (IVR) and early diastole (defined as the interval from
end-ejection through the first 5% of ventricular filling) were
characterized by abrupt torsional recoil (ie, a decrease in),
followed by more gradual untwisting during mid and late
diastole. With dilated cardiomyopathy, the initial early sys-
tolic negative cocking torsion was larger and more sus-
tained, and max was reduced, as well as delayed until after
the time of end-ejection, such that  was still increasing
during IVR and early diastole.
Table 2 summarizes torsion dynamics before and after
the development of cardiomyopathy. In the cardiomyo-
pathic state, as compared with control conditions, early
systolic clockwise (negative) torsion (min) increased sig-
nificantly, max decreased significantly, and early diastolic
recoil was abolished, as indicated by the change in sign of
5% from negative (clockwise) in control to positive (con-
tinued counterclockwise torsion) in TIC conditions. In con-
trol conditions max occurred 42  30 ms before end-
ejection; however, max was reached considerably after
end-ejection (71  72 ms) in the cardiomyopathic condi-
tions.
Discussion
TIC markedly changes LV torsional mechanics throughout
the cardiac cycle. Although the initial clockwise cocking
rotation in early systole (min) was greater in amplitude in
the cardiomyopathic state, maximal torsional deformation
(max) was significantly reduced. It is thought that systolic
torsion is a mechanism by which the ventricle equilibrates
transmural gradients of fiber strain and oxygen de-
mand.5,6,14-16 Using computer models, others have demon-
strated that LV systolic torsion may lower subendocardial
oxygen demand17 and increase subendocardial blood flow.18
Thus when systolic LV torsion is reduced, as in cardiomyo-
pathic hearts, the fiber-strain gradients and metabolic gra-
dients across the LV wall would be expected to be larger,
with greater subendocardial oxygen requirement. Indeed,
animal models suggest that an imbalance of oxygen supply
and demand plays a role in the pathophysiology of TIC,
with the perfusion deficit being greatest in the subendocar-
dial layers.19,20 Decreased torsion may cause the ventricle to
lose its ability to modulate these transmural metabolic gra-
dients, thereby contributing to or exacerbating the imbal-
ance of oxygen supply and demand.21
In the present study max was not only reduced, but it
was also delayed in the cardiomyopathic conditions com-
pared with in the control state. Before pacing, max oc-
curred slightly before or at the time of end-ejection, but with
cardiomyopathy, max was delayed until after end-ejection.
This suggests that not only is the ventricle less capable of
equalizing transmural work and metabolic gradients but also
that such equalization was not fully effective until after
systolic force generation had peaked. Kroeker et al22 re-
ported that maximal torsional deformation was delayed into
IVR in a canine model of acute LV ischemia and postulated
that this might affect the release of restoring forces and
thereby impair early filling of the ventricle.
The cardiomyopathic dilated hearts also had marked
alterations in diastolic LV torsional dynamics. Studies of
normal dogs7,23 and human patients24 indicate that the bulk
of LV torsional recoil occurs during IVR. In the present
study, during IVR and the first 5% of diastolic LV filling, a
rapid untwisting or torsional recoil was seen during control
conditions. With cardiomyopathy, this early diastolic recoil
was lost, and torsion actually continued to increase slightly
during this period. Early diastolic recoil represents rapid
release of LV-restoring forces (potential energy) stored in
the extracellular matrix and contractile elements during
systole.25,26 In turn, early diastolic recoil might play a role
in the genesis of LV suction and enhance LV early diastolic
filling.7,22 Stuber and coworkers24,27 suggested that delayed
untwisting in patients with aortic stenosis and coronary
artery disease could contribute to diastolic LV dysfunction.
In a canine model of pacing-induced tachycardia, Bell and
colleagues23 recently reported a decrease in the rate of
torsional recoil, which corresponded to a loss of the deter-
minants of LV diastolic suction. Therefore the loss of early
diastolic recoil with cardiomyopathy, as observed in the
TABLE 1. Hemodynamics
Control TIC P value
HR (min1) 101 16 118 20 .04
LV dP/dt (mm Hg/s) 1365 282 1212 437 .23
LV EDV (mL) 175 18 217 27 .0004
LV ESV (mL) 138 17 180 23 .0001
LVEDP (mm Hg) 16 7 29 10 .01
LVPmax (mm Hg) 95 18 94 17 .48
PRSW (mm Hg) 63 14 44 12 .03
Data shown as means  1 SD. HR, Heart rate; LV dP/dt, maximum positive
rate of change of LV pressure; LV ESV, LV end-systolic volume; LVEDP, LV
end-diastolic pressure; LVPmax, maximum systolic LV pressure; PRSW, LV
preload recruitable stroke work.
TABLE 2. LV torsion measurements
Control TIC P value
min (°) 0.67 0.67 1.51 3.80 .004
max (°) 4.25 2.33 1.69 0.61 .007
5% (°) 1.17 0.94 0.53 1.19 .01
TmaxEE (msec) 42 30 71 72 .005
Data shown as means  SD. min, Minimum early systolic negative
torsion; max, maximum positive torsion; 5%, absolute change in torsion
during isovolumic relaxation and early diastole (end-ejection through 5%
filling); TmaxEE , time (ms) of max relative to end-ejection (negative 
before end-ejection; positive  after end-ejection).
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present study, could theoretically adversely affect LV filling
and diastolic suction.
In addition to alterations in torsion dynamics, rapid pac-
ing caused significant hemodynamic changes. Cardiomyop-
athy was evidenced by peripheral edema, ascites, lethargy,
ventricular dilatation, increased LV end-diastolic pressure,
and reduced preload recruitable stroke work, a load-inde-
pendent measure of contractility. Contractility has a direct
effect on torsion independent of loading conditions.28,29
Therefore decreased contractility might contribute to a re-
duction of max in TIC because it is the shortening of the
myofibers that drives the torsional deformation. Dilatation
may play a part in the alterations in torsion by equalizing the
lengths of the opposing lever arms that give rise to torsion
(vide infra). Although other investigators of TIC have noted
decreased maximum LV pressure and dP/dt, these load-
dependent measures were unchanged in the present study.
Because the degree of cardiomyopathy in TIC is related to
the intensity and length of pacing,30 such differences may be
accounted for by a faster rate,31,32 a longer period of pac-
ing,10,32 or species differences.
The mechanisms underlying the changes in torsion dy-
namics are unknown but probably encompass many factors,
including remodeling of the cardiomyocytes and connective
tissue matrix, slowed transmural fiber activation, and alter-
ations in excitation-contraction coupling. First, LV dilata-
tion accompanies TIC, as observed in this study and re-
ported by others.31,33 To see how this might affect torsion,
consider that, at a given instant, the net moment giving rise
to torsion can be thought of as a sum (resultant) of the
opposing circumferential moments (vectors) of the LV sub-
endocardium and the subepicardium. Ingels and cowork-
ers34 proposed several factors that influence the magnitude
and direction of these vectors: fiber orientation, number of
fibers, and lengths of the lever arms of the respective layers.
Thus although the angles of inclination of the subendocar-
dial and subepicardial fibers are roughly equal (but opposite
in sign), physiologic torsion during systole is dominated by
the subepicardial fibers caused by their larger radii. Both
ventricular dilatation and wall thinning tend to equalize the
radii of the subendocardial and subepicardial layers, thus
allowing a relatively greater contribution from the suben-
docardium to the net torsion moment. In a model examining
the effects of ventricular geometry on torsion, Taber et al14
predicted such a result by reasoning that in eccentric hyper-
trophy the epicardial fibers would lose some of their me-
chanical advantage. This is consistent with the findings of
larger initial clockwise torsion in very early systole, as well
as the decrease in max observed with cardiomyopathy. In
addition, fiber-angle remodeling, which was not measured
in this study, could also contribute to the torsion changes we
observed. An alternative hypothesis is suggested by the
anatomic studies of Torrent-Guasp and colleagues,35 who
found that ventricular muscle can be unwrapped into basal
and apical loops. If the sequence of activation of muscle
proceeds linearly along this band, the delayedmax and loss
of recoil during IVR may be explained by slowed activa-
tion of the apical loop. Further studies of the electrical
activation of this band, however, must be done to support
this theory. The present interpretation is consistent with
findings that demonstrate an endocardial to epicardial acti-
vation wave.36-38
Second, transmural fiber activation is slowed during LV
ischemia and TIC conditions, a finding attributed to fibrosis
and remodeling of gap junctions in models of heart fail-
ure.37,39,40 Slowed transmural conduction would leave the
subendocardial fibers unopposed relative to subepicardial
fibers for a longer period of time in early systole, allowing
for a larger and longer initial clockwise twist, as seen in
cardiomyopathic hearts in this study. The increase in min
might contribute to a decrease in max because the positive
torsional deformation attributed to the subepicardium must
begin at a lower baseline after the delay. Delayed subepi-
cardial activation caused by slowed transmural conduction,
as reported by Delhass and coworkers,37 might slightly
prolong systolic contraction and contribute to the delay in
the timing of max.
A third factor possibly contributing to the observed
changes in torsion mechanics are the alterations in myocyte
action potentials and intracellular calcium regulation asso-
ciated with heart failure. TIC causes decreased amplitude
and increased duration of the action potential.41 TIC has
also been linked to reduction in Ca2 transients,42 maximal
Ca2-activated tension, and peak force generation.43 Such
decreased tension generation might reduce all torsional mo-
ments and contribute to the decrease in max in cardiomyo-
pathic hearts. Similarly, pacing-induced cardiomyopathy re-
sults in prolongation of both the Ca2 transient and
isometric contraction.43,44 As in the case of delayed epicar-
dial activation, these changes might prolong systolic con-
traction, leading to the delay in reaching max and loss of
early diastolic recoil.
Extracellular changes associated with TIC may also help
explain the derangements in torsional dynamics. Loss of the
orderly collagen latticework45 has been linked to reduced
force generation in TIC. Spinale and coworkers30 found that
activation of matrix metalloproteinases and degradation of
the fibrillar collagen matrix is an early event in TIC. Such
matrix degradation could lead to ventricular dilatation and
loss of coordinated myocyte contractile performance. In
addition, because the extracellular matrix stores potential
energy that is thought to be released during early diastole,25
its degradation and disarray may contribute to the loss of
diastolic torsional recoil.
The present findings indicate that dilated cardiomyopa-
thy induced by rapid pacing significantly perturbs normal
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systolic and diastolic LV torsional mechanics. We speculate
that decreased torsion may play a role in the pathophysiol-
ogy of TIC as part of a positive feedback loop. The ventricle
compensates for systolic dysfunction and decreased cardiac
output by dilating as TIC evolves, thereby reducing the
mechanical advantage of the subepicardial LV fibers rela-
tive to the subendocardial fibers and decreasing systolic
torsion. The associated steeper transmural gradients of fiber
strain and oxygen demand lead to further systolic dysfunc-
tion, thereby continuing the cycle.
Limitations
The present study used an ovine TIC model, and therefore
caution must be exercised in extrapolating these results to
human subjects. Other investigators, however, have demon-
strated that TIC has a hemodynamic and neurohumoral
profile similar to that of dilated cardiomyopathy seen clin-
ically.10,11
Previous studies have measured twist, or the longitudinal
gradient of torsional displacement, along the long axis of the
ventricle.46 Measurement of twist, however, assumes homo-
geneous deformation of an isotropic cylindrical ventricle,
resulting in a linear relationship of torsion and distance
along the long axis. Instead, the present analysis measured
rotation of the apex relative to the base, which is similar to
that seen in other studies.22,24,47 Stuber and colleagues24
found that measurements of longitudinal gradient of rotation
deformation (twist) correlated well with those of apical
torsion. To ascertain whether the findings in this study,
namely a decrease and delay in max and a decline in early
LV diastolic torsional recoil, might have been phenomena
specific to the apex, the analysis was repeated by using the
markers located in the equatorial LV plane, midway be-
tween the base and apex (ie, nos. 3, 10, and 13; Figure 1).
The torsion measurements at this level corroborate those at
the apical level, both during ejection and during IVR and
early diastole. Specifically, max was decreased and de-
layed, with a loss of early diastolic recoil.
Calculations of angular displacement are directly af-
fected by ventricular dilatation (ie, arc length  radius  ).
Normalization of max, min, and 5% for changes in
ventricular size, however, did not significantly change the
differences found between the control and TIC conditions.
Similarly, normalization to correct for the faster heart rate
after development of cardiomyopathy did not alter the delay
of TmaxEE observed in the TIC group. In the presence of
mitral regurgitation, which developed in the TIC animals,
ES and end-ejection may become temporally dissociated48;
however, when the timing of max was measured relative to
ES, the same trends were observed, as reported above.
This protocol was only approved by the Research Ani-
mal Use Committee for 2 data-acquisition studies, baseline
and after development of cardiomyopathy. Thus we can
only speculate about the time course of changes in ventric-
ular geometry, hemodynamics, and torsion. Further experi-
ments are underway to examine the temporal relationship
between alterations in torsion, ventricular remodeling, and
functional decline. Finally, the mitral regurgitation seen in
the cardiomyopathic conditions could have been, at least in
part, responsible for the altered hemodynamics and torsion
mechanics seen in TIC.
Implications and Inferences
The current wave of clinical surgical enthusiasm for the
Surgical Anterior Ventricular Endocardial Restoration8 pro-
cedure, as promulgated by the Reconstructive Endoven-
tricular Surgery returning Torsion Original Radius Elliptical
shape to the LV (RESTORE) group, purports to reapproxi-
mate normal LV shape, size, and fiber angles, thereby
theoretically restoring normal LV torsion mechanics in pa-
tients with ischemic and nonischemic dilated cardiomyop-
athy.9 The present study supports the hypothesis that dilated
cardiomyopathy is associated with derangements of physi-
ologic torsion dynamics, and we speculate that these
alterations may contribute to a cycle of progressive ventric-
ular functional decline. LV systolic torsion and diastolic
recoil can be measured noninvasively with radiofrequency-
tagging magnetic resonance imaging.24 Further clinical
studies are needed to clarify the role of torsion in the
pathophysiology of human cardiomyopathy.
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